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157] ABSTRACT

A Stirling refrigeration system includes a compressor
having a piston which reciprocates within a cylinder.
The piston compresses and expands a working volume
of gas to cause sinusoidal variations in gas pressure in a

- cold finger unit. The mean pressure in the working

volume 1is stabilized, despite gas leakage past the com-
pressor piston seals, by a U-cross-section annular-lip
seal in a groove surrounding the piston. A spacer ring
within the annular-lip seal and extending beyond the
legs of the seal retains the seal away from one of the
opposing faces of the groove to insure that the seal
consistently tends to permit greater gas leakage in a
predetermined direction. With gas leakage in that pre-
determined direction, the gas pressure reaches a steady
condition in which the mean pressure mn the working
volume of gas is stable relative to the pressure in an
hermetically sealed larger crankcase volume of gas on
the opposite side of the piston.

5 Claims, 16 Prawing Figures
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REFRIGERATION SYSTEM AND =
RECIPROCATING COMPRESSOR THEREFGR
WITH PRESSURE STABILIZING SEAL

BACKGROUND OF THE INVENTION |

This invention relates to refigeration systems and
particularly to reciprocating compressors used in such
systems. |

A Stirling cryogenic refrigeration system includes a
recnproc&tmg COmpressor which provides a sinusoidal
variation in pressure in a working volume of gas. The
working volume includes the head space above the
compressor piston and the internal voids in a refrigera-
tor cold finger. In the case of a split Sterling system, the
working volume also includes a gas line interconnecting
the above spaces. Within the cold finger, a displacer
moves in timed relationship with the sinusoidal pressure
variations to provide cooling at one end of the cold
finger.

The usual Stlrhng cycle includes an electric-motor-
driven compressor, and the invention will be described
with reference to a split Stirling cycle of that type.

One problem encountered in Stirling sysytems is that
there is always some leakage past the dynamic seal
between the reciprocating compressor piston and its

cylinder. The leakage is between the working volume

and a control volume on the opposite side of the piston.
Where there is a greater leakage in one direction than 1n
the other movement of the piston, the mean value of the
pressure in the working volume of gas tends to change
relative to the gas pressure of the control volume.

One type seal which might be used in such compres-
sors is a U-cross-section annular seal seated in a groove
surrounding the piston. Such a seal advantageously
expands with a pressure differential in one direction to
thus increase the sealing action of the seal. Unfortu-
nately, the direction of greater leakage past such a seal
often changes during the life of the seal such that great
fluctuations in the mean value of the sinusoidal pressure
curve occur and render the compressor system unreli-
able. |

An object of this invention is to provide a Stirling
refrigeration system, and a compressor for use therein,
wherein the mean value of the sinusoidal pressure varia-
tions in the compressed working volume of gas 1s stabi-
lized to a predetermined level.

SUMMARY

A piston reciprocates within a cylinder to alternately
compress and expand a limited working volume of gas
and to cause pressure - variations in the gas between
minimum and maximum values. An annuiar-lip seal of
generally U-shaped cross-section is positioned in a
groove surrounding the piston at the interface of the
piston and the cylinder. In accordance with the inven-
tion, means is provided for restricting axial movement
of the seal. The annular lip of the seal is thereby spaced
from the opposing faces of the groove to maintain a
single direction of greater gas leakage past the seal. A
constant mean pressure in the working volume is
thereby maintained.

The legs of the U-cross-section seal extend axially
and the seal tends to permit greater leakage of gas in the
direction in which the legs of the seal extend. A spacer
ring within the U-cross-section seal abuts the seal and
extends beyond the legs to retain the seal away from the
face of the groove and thereby insure consistency in the
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direction of greater gas leakage. The compressor
thereby reaches a steady condition with either the mini-
mum or maximum value of pressure in the working
volume on the opposite side of the piston.

The minimum or maximum value of the gas pressure
in the working volume of gas is set by hermetically
sealing a larger control volume of pressurized gas at the
opposite side of the piston.

Preferably, the legs of the seal point toward the
working volume of gas so that there 1s greater leakage
toward that volume. In that way the minimum pressure
in the working volume is set at about the pressure of the
control volume.

With the piston-driving motor and crank linkage
positioned in the larger hermetically sealed volume, and
with the greater leakage of gas toward the working
volume of gas, the crank is advantageously placed in
compression throughout the major portion of its cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features, and advan-
tages of the invention will be apparent from the follow-
ing more particular description of preferred embodi-
ments of the invention, as illustrated in the accompany-
ing drawings in which like reference characters refer to
the same parts throughout the different views. The
drawings are not necessarily to scale, emphasis instead
being placed upon illustrating the principles of the in-
vention.

FIG. 1 is a schematic of a split Stirling refrigerator
system embodying the present invention;

FIGS. 2-5 are simplified schematics of the system of
F1G. 1 illustrating four steps in the refrigeration cycle;

FIG. 6 is a graphical illustration of the working pres-
sure and the control pressure in the refrigeration system
of FIG. 1 operating in an ideal mode;

FIG. 7 is a graphical illustratton similar to FIG. 6 but
with a greater tendency for leakage past the compressor
piston into the control volume;

FIG. 8 is a graphical illustration of a system having a
greater tendency for leakage into the control volume, as
in FIG. 7, but with a lesser pressure differential required
for gas leakage;

FI1G. 9 is a graphical illustration similar to FIGS. 6-8
but for a system in which there is a greater tendency for
gas leakage into the working volume, a preferred mode
of the present invention;

FIGS. 10 and 11 show in cross-section a possible
compressor seal for use in the refrigeration system of
FIG. 1, but the seal does not give consistent operation
of the refigeration system and thus fails to meet the
object of this invention;

FIG. 12 is a cross sectional view of an improvead
sealing arrangement in a refrigeration system embody-
ing the present invention;

FIG. 13 1s a cross sectional view similar to FI1G. 12
showing an alternative sealing arrangement;

FIGS. 14-16 are cross sectional views similar to FIG.
12 and showing alternative seal arrangements.

DESCRIPTION OF PREFERRED
EMBODIMENTS

A split Stirling refrigeration system 12 is shown in
FIG. 1. This system includes a reciprocating compres-
sor 14 and a cold finger 16. The compressor provides a
sinusoidal pressure variation in a pressurized refrigera-
tion gas in the space 18. That pressure variation is trans-
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mitted through a helium supply line 20 to the cold fin-
ger 16.

Within the cylinder of the cold ﬂnger 16 a cyhndrlcal
displacer 26 is free to move upwardly and downwardly
to change the volumes of the warm space 22 and the
cold space 24 within the cold finger. The displacer 26
houses a regenerative heat exchanger 28 comprised of
several hundred fine-mesh copper screen discs stacked
to form a cylindrical matrix. Other regenerators, such as
those with stacked balls, are also known. Helium is free
to flow through the regenerator between the warm
space 22 and the cold space 24. As will be discussed
below, a piston element 30 extends upwardly from the
displacer 26 into a gas spring volume 32 at the warm
end of the cold finger.

The compressor 14 includes a gas tight housing 34
which encloses a reciprocating piston pump element 36
driven through a crank mechanism from an electrical
motor 38. The crank mechanism includes a crank arm
40 fixed to the motor drive shaft 42 and a connecting
arm 44 joined by pins 46 and 48 to the crank arm and
piston. Electrical power is provided to the motor 38
from electrical leads 39 through a fused ceramic feed-
through connector 37.

The piston 36 has a cap 50 secured thereto. The pis-
ton 36 and cap 50 define an annular groove in which a
seal ring 52 is seated. The seal ring arrangement, which
will be described in detail subsequently, is the key to the
present invention.

Heat of compression and heat generated by losses in
the motor are rejected to ambient air by thermal con-
duction through the metal housing 34.

The refrigeration system of FIG. 1 can be seen as
including three isolated volumes of pressurized gas. The
crankcase housing 34 is hermetically sealed to maintain
a control volume of pressuized gas within the crankcase
below the piston 36. The piston 36 acts on the control
volume as well as on a working volume of gas. The
working volume of gas comprises the gas in the space 18
at the upper end of the compressor cylinder 35, the gas
in the supply line 20, and the gas in the spaces 22 and 24
and in the regenerator 28 of the cold finger 16. The
third volume of gas is the gas spring volume 32 which is
sealed from the working volume by a piston seal 54
surrounding the drive piston 30.

Operation of the split Stirling refrigeration system of
FIG. 1 can be best understood with reference to FIGS.

2-5. At the point in the cycle shown in FIG. 2, the
displacer 26 is at the cold end of the cold finger 16 and

the compressor is compressing the gas in the working
volume. This compressing movement of the compressor
piston 36 causes the pressure P, in the working volume
to rise from a minimum pressure t0 a maximum pres-
sure. The pressure in the gas spring volume 32 is stabi-
lized at some level between the minimum and maximum
pressure levels of the working volume. Thus, at some
point the increasing pressure in the working volume
creates a sufficient pressure difference across the drive
piston 30 to overcome the friction of displacer seal 56
and drive seal 54. The piston and displacer then move
rapidly upwardly to the position of FIG. 3. With this
movement of the displacer, high-pressure working gas
at ambient temperature is forced through the regenera-
tor 28 into the cold space 24. The regenerator absorbs
heat from the flowing pressurized gas and reduces that
gas to cryogenic temperature.

With the sinusoidal drive from the crank shaft mecha-
nism, the compressor piston 36 now begins to expand
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the working volume as shown in FIG. 4. With expan-
sion, the high pressure helium. in the cold space 24 is
cooled even further. It is this cooling in the cold space
24 which provides the refrigeration for maintaining a
temperature gradient of over 200" K. over the length of
the regenerator. " |

‘At some pOIIlt in. the ex;aandmg movement of the
piston 36, th pressure in the workmg volume drops
sufficiently below that in the gas spring volume 32 for
the gas pressure differential to overcome seal friction.
The piston 30 and the displacer 26 are then driven
downwardly to the position of FIG. 5, which is also the
starting position of FIG. 2. The cooled gas in the cold
space 24 is thus driven through the regenerator to ex-
tract heat from the regenerator.

It should be understood that, as is well known in the
art, stroke control means may be provided to assure that
the displacer does not strike either end of the cold finger
cylinder. Such control means may include one way
valves and ports suitably located in the drive piston 30.

Attention 1s now directed to operation of the com-
pressor piston seal 52. The respective pressures P, and
P. in the working volume and control volume follow
sinusoidal curves 180° out of phase. Because the control
volume is much larger than the working volume, move-
ment of the piston 36 has a lesser effect on pressure in
that volume, as illustrated in FIG. 6. At the end of the
compression stroke in compressing the working vol-
ume, there exists a pressure differential AP¢ across the
seal 52. At the end of the expansion stroke in expanding
the working volume, there emsts a pressure differential
APpr.

Now consider the situation in which the compressor
piston seal 52 tends to have greater leakage in one direc-
tion than in another. For example, due to the nature of
the seal, a pressure differential AP¢ at the compression
end of the piston stroke might result in the same leakage
as a greater pressure differential APg at the expansion
end of the stroke. The working pressure and the control
pressure tend to stabilize to different mean pressures
which equalize the gas leakage. For example, they
might stabilize to the condition shown in FIG. 7.

On the other hand, if equal pressure differentials AP¢
and APg resulted in equal gas leakage in the two direc-
tions past seal 52, the system would stabilize to the
condition illustrated in FIG. 6. The mean pressures in
the control and working volumes would be equal.

One seal which tends to provide greater gas leakage
in one direction than in the other is the AR10402 sold
by Fluorocarbon Company and shown in FIG. 10. As
shown in that figure, the piston 36 forms with its cap 50
an annular groove having upper and lower opposing
faces 62 and 64. An annular seal 66 having a generally U
cross-section is seated within the groove 58. The seal
includes a series of outwardly pressing spring members
68 therein. The springs press the respective annular lips
70 and 72 of the seal outwardly against the groove face
60 and against the compressor cylinder wall 34. When
the gas pressure is higher above the seal than below the
seal, the gas within the U-cross-section seal presses
outwardly to increase the sealing action. However,
when the pressure is greater below the seal than above,
the gas pressure pushes inwardly on the upwardly ex-
tending legs of the seal and thereby reduces the sealing
action. Thus, the seal shown in FIG. 10 would ordinar-
iy tend to have greater as leakage upwardly past the

seal.
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- A refrigeration system as shown in FIG. 1 having a
seal arrangement as shown in FIG. 10 could be .ex-
pected to stabilize at the condition illustrated in either
FlG. 8 or FIG. 9. If, for example, the legs of the seal
were directed toward the working volume as they are
in FIG. 10, there would be a greater tendency for gas
leakage from the control volume to the working vol-
ume. Thus, the working volume pressure would in-
crease relative to the control volume pressure as'shown
in FIG. 9. Because the control volume is substantially
larger than the working volume, the pressure in the
control volume would stay fairly constant. The pressure
in the working volume would vary relative to the con-
trol volume pressure to a stable condition such as shown
in FIG. 9. . :

As shown in FIG. 9, the minimum working volume
pressure would always be slightly less than the maxi-
mum control volume pressure. This is because there is
always a minimal pressure differential required to cause
the leakage from the control volume.
 On the other hand, if the seal arrangement of FIG. 10
were inverted such that the legs of the seal 66 extended
downwardly toward the control volume, the stable
“condition illustrated in FI1G. 8 could be expected. There
would be a greater tendency for gas leakage from the
working volume to the control volume. Thus, the work-

ing volume pressure would drop relative to the control

volume pressure. Only a small pressure differential
would exist between the maximum P, and the minimum
P..

If a refrigeration system could be expected to stabilize
in etther of the modes shown in FIGS. 8 and 9, the
system could be designed to operate in that condition
efficiently. For example, if it were known that the maxi-
mum pressure of the working volume would always be
about equal to the mean pressure of the control volume,
the control volume pressure could be set sufficiently
high to draw the working pressure to the desired level.

Also, the structural elements within the system could
be economically designed to meet the maximum
stresses. For example, the connecting rod 44 would
have to withstand high compressive forces if the refrig-
eration system operated in the mode of FIG. 9. On the
other hand, high tensile stresses must be met if the sys-
tem operates in the mode of FIG. 8.

In attempting to use a seal such as shown in FIG. 10,
it was found that the seal, when first placed within the
system, would operate with near equal leakage in each
direction and would thus operate in the condition illus-
trated in FIG. 6. Soon, however, once the seal was
broken in, it would operate as expected with greater gas
leakage in the direction of the extending seal legs. It was
thought that a system could be designed to operate in a
selected one of the modes shown in FIGS. 8 and 9
throughout the expected life of the seal. However, it
was found that, after operating for a time in one of the
modes of FIGS. 8 and 9, the system would shift to the
other mode. The result was a great change in the mean
pressure In the working volume. As can be understood
with reference to FIGS. 8 and 9, assuming that the
pressure of the control volume stays stable, the mean
pressure of the working volume might go from about
100 psi less than the control volume pressure to about
100 pst greater than the control volume pressure. This
200 psi differential in working pressures made the re-
frigeration system totally unreliable.

It i1s believed that this change in operating modes
during the life of the system resulted from wear of the
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seal: As shown in FIGS. 10 and 11, with continued use
the seal would move back and:forth within the groove
between the opposing faces 62 and 64, and might finally
become wedged into the space between the piston cap
50 and the cylinder wall 34 (broken line). With the seal

thus wedged, the expected upward leakage would no

longer -result. Based on this assumption, the sealing
arrangement of this invention was developed. The ar-

rangement insures that the tendency for greatest gas

leakage past the seal is unidirectional throughout the
expected life of the refrigeration system.

- FIG. 12 shows a sealing arrangement embodying the
present invention. A retaining ring 74 extends from the
piston cap 50 into the groove 58. The retaining ring 74
has a greater axial width than do the legs 76 and 78 of

the seal 66. Thus, by abutting the base 80 of the seal, the

retainer ring 74 retains the seal 66 away from the face 62
of the groove. The lip 72 of the seal is thus prevented
from wedging between the piston cap 50 and the wall 34
and the seal consistently operates in the selected mode
of FIG. 8 or 9. That is, there will always be a greater
tendency for gas leakage in the direction that the seal
legs extend.

FIG. 13 shows an alternative embodiment of the
sealing arrangement for use in a refrigeration system of
the present invention. In that embodiment, the ring 82 is
not fixed to the piston cap 50. However, it does have an
axial width greater than that of the seal legs and thus
holds the seal away from the groove face 62.

Preferably, in either embodiment, the legs of the seal
are directed toward the working volume. As a result,
there is a greater tendency for leakage toward the
working volume and the operating mode of FIG. 9 is
attained. In that mode, for a given mean pressure in the
working volume, a lesser control pressure need be pro-
vided. Also, the crank mechanism operates in compres-
sion and the greatest strain is on the wide central por-
tion of the rod 44. In the mode of FIG. 8, the mecha-
nism is in tension and the greatest strain is on the thin
circular regions surrounding the pins 46 and 48 at each
end of the rod.

Other seals having generally U-cross-sections which
can be used in carrying out the present invention are
shown in FIGS. 14, 15 and 16. The seal 83 of FIG. 14
has a spiral spring 84 therein and is sold by the Fluoro-
carbon Company under the trademark Omniseal, series
103. A retainer ring 86 is shown fixed to the piston cap
50, and it abuts the spiral spring 84 within the seal to
limit axial movement of the seal. Wedging of the seal
between the piston cap and the cylinder wall is thereby
prevented.

The seal 87 shown in FIG. 15 is similar to that de-
scribed 1n the preferred embodiment and is also sold by
Fluorocarbon Company, under the trademark Om-
niseal, series 400. It is shown used with a retaining ring
74 fixed to the plston cap but could be used w1th a
descrete retaining ring.

The seal 88 shown in FIG. 16 is sold by Bal Seal
Engineering Company under the trademark Bal-Seal.
This seal is also biased by a coil spring. It has three lips
on each leg rather than the single lip of the other seals.
Again, a retaining ring 90 presses downwardly against
the coiled spring.

While the invention has been particularly shown and
described with reference to preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes in form and details may be made
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therein without departing from the spirit and scope of
the invention as defined by the appended claims.

What is claimed is:- | B L

1. A seal arrangement for the compressor of a refrig-
erator of the type comprising a reciprocating displacer
within a cold finger, the displacer being driven 1in-a
reciprocating motion by the pressure differential be-
tween a gas in the cold finger and gas in a gas spring
volume, the cold finger being in fluid communication
with a space in a compressor cylinder, the compressor
space and the cold finger defining a closed working
volume of gas which is compressed and expanded by a
piston in the compressor cylinder, said seal arrangement
including an annular-lip seal of generally U-shaped
cross section within a circumferential groove at the
interface of the piston and cylinder and characterized in
that said seal arrangement includes means for restricting
axial movement of the seal to retain the annular lip of
the seal spaced from the opposing faces of the groove,
thereby maintaining a single direction of greater gas
leakage past the seal and attaining a substantially con-
stant mean pressure in the working volume.

2. The seal arrangement for the compressor of a re-
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3. The seal arrangement for the compressor of a re-
frigerator as claimed in claim 1 wherein the direction of
greater gas leakage is toward the working volume of
gas. | -

4. A method for compressing and expanding a work-
ing volume of gas in a refrigeration system, that method
comprising: | |
. providing a reciprocating piston within a cylinder in

fluid communication with the working volume;

providing an annular-lip seal of generally U-shaped
cross section in a groove surrounding the piston,
the seal in normal operation tending to permit
greater leakage of gas in a first direction relative to
the piston;

limiting axial movement of the annular-lip seal to

retain the lip in a position spaced from a face of the
groove to insure continued normal operation of the
annular-lip seal with the seal continuing to have a
tendency for greater gas leakage in th first direc-
tion so that the pressure in the working volume of
gas assumes a predetermined constant mean pres-
sure value.

5. A method for compressing and expanding a work-
ing volume of gas as claimed in claim 4 wherein the first

frigerator as claimed in claim 1 wherein the means for 25 direction is toward the working volume from a control

retaining the annular lip of the seal axially spaced com-
~prises an annular ring which abuts the seal.
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